
OCCUaRcENCE FOR TWO FIGHTER-TYPE AIRSLAEJES 

By Terry J. Larsoh, George ACT. Thomas, 
and Donald R. Bellman 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 
May 26, 1958 



- . -  

ADVISOKY CO- FQR A I C R O N ~ I C S  
$3 
p s  RESEARCH "3RK" 

U 
E N G m  W E  

and  Donald R. Be7lmRn 

mw 

the t o t  

of two single-place  fighter-type  airplanes  with similar two-spool turbo- 
j e t  engines,  but Kith dissimilar inlets.  Airplane A h ~ s  a single normal" 
shock  nose inlet; airplane B has t w o  engines and triangular-shaped inlets 
located in the wing roots. In  addition, data are presented f o r  engine 
surge occurence of these two airplanes and a l s o  for a third single-engine 
airplane having two semicfrcular-shaped side Wets.  

The total-pressure  recovery was re lat ively independent of angle of 
attack and mass-flow r a t i o  for both airplanes except f o r  a significant 
decrease in  pressure  recovery with angle of a t tad€  f o r  airplane B at the 
highest Mach nmibers tested. The root-mean-square total-pressure  distor- 
tion  decreased  slightly with angle of attack and increased  slightly with 
mass-flow ratio f o r  airplane A. For airplane B the  distortion Fncreased 
w i t h  angle of attack and decreased slightly  with mass-flow ratio,   partfc- 
ulmly at the -her al t i tudes.  Altitude effects  on distortion were noted 
only f o r  airplane 3. 

Engine compressor surges were encountered prima;rily i n  the  region 
of high aLtitude and. low inlet total pressure, 86 indicated by wind- 
tunnel tests. A t  lower al t i tudes and at higher in le t   to ta l   p ressure ,  
surges were encountered under conditions of hfgh  total-pressure dis- 
tortion,  particulmly  circumferential   distortion. 

Air-flow chmacterist ics of air inlets and ducts of J e t  airplanes 
have a significant  effect  on the performance of the airplanes. Of these 



characteristics  pressure  recovery is  important,  but flow distortion i s  
sometimes more important. A large degree of flow distortion can limit 
engine  performance by causing  surging in   t he  engine compressor; that is, 
a s ta l l ing  of all compressor stages  with a rapid  fluctuation of air flaw. 

0. 

The air-flow  charracteristics of a given inlet can vary w i t h  al t i-  
tude, Mach  number, Inlet-flow  angles,  engine speed, and other  parameters. 
Since it i s  d i f f icu l t  t o  exactly simulate fl ight  conditions  in a wind 
tunnel, a flight  investigation w a s  made at the NACA High-Speed Flight 
Station a t  Edwards, C a l i f  ., t o  measure inlet-flow  distortion and to ta l -  
pressure  recovery a t  the compressor face on three  fighter- or interceptor- 
type airplanes  wi$h_similm  turbojet  engines. A part of this  investiga- 
t ion  w a s  devoted t o - t h e  determination of surge  characteristics of these 
airplanes.  Since compressor surges can be-damaging t o  the airplane,  the 
number  of surges  encountered w a s  necessarily limited. However,  enough 
data were obtained t o  present a brief conprison of the surge  character- 
i s t i c s  of the three  airplanes. Because the data from the th i rd  airplane 
have been reported  previously in reference 1, only the surge data for  
this airplane are included i n  the present  paper  for comparison. 

" 

The pressure-rec-overy data were obtained  primazily over a Mach num- 
ber range f'rom 0.8 t o  1.4 and at a l t i tudes between 22,000 fee t  and 
42,000 feet. Compressor surges were encountered at Mach numbers f'rom 
0.6 t o  1.5 and a t  a l t i tudes between 30,000 f ee t  and 52,000 feet .  
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SYMBOLS 

cross-sectional area, sq f't 

circumferential  distortion  factor, 

pressure  altitude, f t  

Mach  number 

mass -f low rat io, Duct mass flow 
P O V A  

engine  inner-rotor speed, rpm 

normalized  engine irqer-rotor sseed, rpm 

" 
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number of total-preesure  probes 

static  pressure, Ib/sq ft 

t o t a l  pressure, ~ b / s q  ft 

average t o t a l  pressure of the five  total-pressure  rakes, 
lb/sq f't 

highest of the averaged pressures of the  ffve to t a l -  
pressure rakes, Ib/sq ft 

lowest of the averaged  pressures of the five t o t a l -  
pressure rakes, lb/sq ft 

Reynolds number based on minimum area equivalent  circle 
diameter 

in le t  air t o t a l  temperature, 91 

velocity,  ft/sec 

a i r  -f low rate,  

normalized air 

lb/sec 

flow, lb/eec 

distance f r o m  inlet, in. 
angle of attack, deg 

pressure normalizing factor, P 'c 
Sea-level static  pressure 

compressor-face circumferential  station, deg 

tenperatme  normallzing  factor, T'C 
Sea-level  static  temperature 
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0 -  

e+ 

P' 

0 

P 

cp 

circumferential  angle  subtended by the larrgest singly 
connected sector.of the  inlet annulus, havbg a total 
pressure less than the average  (see diagram) 

circumferential  angle  subtended by the  largest singly 
connected  sector of the inlet annulus, having a total 
pressure  greater than the average  (see  diagram) 

Subscripts: 

0 

av 

C 

i 

2 

e 

air density,  slugs/cu f't 

compressor-face  total-pressure  distortion factor, 
7 

f'ree stream 

average 

compressor  face 

inlet 

local 

" 

" 

I 
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The three airplanes aze single-place fighter- or interceptor-type 
airplanes p,arered by simi- two-spool turbojet  engines  with after- 
burners. The following are details of the airplanes and their M e t  
and duct  systems. 

Airplane A 

The engine of amlane A is  supplied air through a single normal- 
shock-type  nose inlet. Figures 1 and 2 are photogra$hs of t h e   a m l a n e  
and the nose inlet, respectively, and figure 3 is a d r a w i n g  showing the 
duct  contours and mea distribution. The M e t  has a U p  radius of about 
0.25 inch, and the diffuser has an  equivalent  conical expansion angle 
(included w a l l  angle of a frustrm of a cone having the same length and 
in le t  and exit areas) of 0.370. Detailed  dinensions and other  pwsical 
characteristics of the  airplane me presented fn reference 2. 

Airplane B 

Airplane B is powered by two engines t o  whFch- afr i s  supplied by 
triangular-shaped inlets located in  the wing roots. Each inlet   supplies 

the  inlet,  respectively, and figure 6 is a draw- showing the duct con- 
tours and area distribution. The inlets have e l l i p t i c a l   l t p e  with a 

conical expansion angle of l .7p .  Detailed afmensions and other  physical 
characteristics of the  airplane me presented in reference 3. 

c air t o  one engine.  Figures 4 and 5 are photograph of the  airplane and 

- minimum radFus of about 0.3 inch, and the  diffusers have an equivalent 

Air is supplied to the engine of airplane C by two semicircular- 
shaped side Fnlets which  converge ahead of the comgressor face. Fig- 
ures 7 and 8 me photographs of the  airplane and the m e t ,  respectively, 
and the  duct  contours and area distribution are  s h m  i n  figme 9. Each 
W e t  has a l ip   red ius  of 0 .a inch, and the diffuser has an equivalent 
conical expansion angle of 1.070. Additional details on the  airplane, 
duct, and duct  instrumentation me given i n  reference 1. 
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Each airplane  duct w a s  instrumented  primarily at the compressor 
face where f ive  radial rakes  for measuring total   pressures were installed.  
Figure 10 shows the  circumferential  locations of these rakes as well as 
the radial positions of ,the  grQbee for  airplanes A and B. 

The compressor-face  probe pressures were measured by NACA mechanical- 
optical  manometers  which determine the  difference between t h e  probe and 
the  reference  pressures  within$5 pounds per  square  foot. The flow- 
distortion  values axe  based on differential  pressures and, hence, were 
accurate  to f5 pounds per s q w e  foot. The total-pressure  recovery at 
the compressor face'required  the measurement of a reference  pressure. 
For'  airplane A t h i s  measurement was made with an absolute manometer c e l l  
having an accuracy of k20 pounds per  square  foot;  for the other two air- 
planes  the  reference  pressure w a s  determined by a more sensitive method, 
allowing an accuracy of +5 pounds per square  foot.. 

For all three  airplanes Mach  number accuracy i s  believed t o  be wfthin 
kO.01 at subsonic and supersonic  speeds esld within k0.02 at transonic 
speeds. Angle  of attack was measured t o  &z1 accuracy of about 0.5O. 

The pressure-recovery data were obtained  primarily over a Mach  num- 
ber  range f r o m  0.8 to 1.4  and at a l t i tudes between 22,000 f ee t  and 
42,000 feet. Compressor-surge data were obtained a t  Mach numbers from 
0.6 t o  1.5 and a t a l t i t u d e s  between 3O,OOO f ee t  and 52,O 
data correspond t o  a Reynolds number range from 1.4 x 10 go t o  feet- 9.2 x 10 , 
based on minimum-area equivalent  circle  diameter. 

Compressor-Face Total-Pressure Surveys  

Contours for every 5 percent of the  total-pressure  recovery  are 
shown for   the  compressor face  for  airplane A in   f igure ll for a range of 
angle of attack at Mach numbers  of about 0.80, 1.0, and 1.4. A compar- 
sion of t h e  contour p lo ts  shows that the  distortion i s  sma l l  and, evi- 
dently, is not  Effected by either  angle of attack or Mach  number for  the 
ranges  presented. The total-pressure  recoveries  are  relatively high, 
w i t h  the  lowest  recoveries  occurring at the bottom of the duct fo r  Mach 
numbers of 0.8 and 1.0. 

Figure I 2  presents  the same data as shown in  f igure 11 i n  a differ-  
ent, more objective manner. The average  total-pressure  recovery of all 

c 
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c probes on each  rake is  Shawn as  a circle  with a solid line connecting 
these  values. The radial   location of each  probe and the circumferential 
locat  ion of each rake are both indicated on the abscissa. The dashed 
line  indicates  the  average  total-pressure  recovery of all the rakes. 
From figure I 2  it can be seen that angle of  attack sl ight ly  affects 
circumferential  distortion,  especially  near the 18O0 region where the 
total-pressure  recovery  begins dropping when angle of attack  increases 
beyond 8O. 

Figure 1.3 shows the vaziation of total-pressure  recoveries and 
total-pressure  distortions  with mass-fluw r a t i o  and angle of attack at 
the compressor face of airplane A. For the lower Mach nunher range and 
for  mass-flow ra t ios  between 0 . 9  and 1.00 total-pressure  recovery 
decreases  about 2 percent as the angle of attack increases from about 
0.5O t o  over 19'. FairFngs =e not shown f o r  some of the sets of points 
because of the large scatter. Th i s  scat ter  i s  most l ikely a resul t  of 
the  reference cell, noted i n  "Instrumentation and Accuracy,1* on which 
the cmputations  of_.pressp?e  recovery and mass-flow r a t i o  depend. 
Despite  the scatter, the data hdicate tha t  the pressure recovery is 
high throughout  the mass-flow range tested and varies little u i t h  mass- 
flow ratio,  fndicating that f o r  these  tes ts  no choking occurred. 

The root-mean-square distortion of the total   pressure  plotted 
against  angle of attack  (fig.  13) shows the &istortion dropping from 
about 3 percent at an angle of attack nem 0.5O t o  slightly l e s s  than 

t ion  a lso m i e s  s l ight ly  w i t h  mass-flow ra t io ,  changing from about 
1.5 percent t o  about  3.0  percent as the mass-flow ratio  increases from 

W 2 percent a t  an angle of  attack somewhat greater than 19'. The distor- 

c 0.65 t o  0.99. 

Figures 14 and 15 present  total-pressure-recovery  plots  for 
airplane B comparable t o  those in figures ll arnd 12 for  airplane A. 
Figure 14 shows that angle of attack  affects both circumferential and 
radial distortion at the compressor face. It i s  evident f r o m  figure 1.5 
that, similax t o  airplane A, the lowest total-pressure  recoveries axe 
experienced  near the bottom of the duct. The average  total-pressure 
recoveries at a Mach nmber  near 1.0 vaxy from 0.953 to 0.930 i n  fig- 
ure 15(b), corresponding t o  an angle-of-attack change from 3.3O to 10.70. 
Figure 15(c) shows a similm variation  for Mach ngibers near 1.4. 

Presented in figure 16 are the  variations of average t o t a ~ p r e s s u r e  
recovery and total-pressure  distortions  with  angle of attack and mass- 
flow r a t i o  at the compressor face of airplane B. For the curve showing 
total-pressure  recovery  plotted a g a i n s t - m e  of attack the transonic 
data are for  mass-flow ratios between 0.9 and 1.0, whereas the supersonic 

range the total-pressure  recovery  drops from approximately  0.95 t o  0.94 
I data axe for mass-flow ratios between 0.85 and 0.95. I n  the  transonic 
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when the angle of attack i s  increased from 0' t o  about 1l0. The super- 
sonic  total-pressure  recovery  appears t o  be more sensitive t o  angle  of 
attack. A t  an angle of at tack  new Oo the recovery is  0.925, w h i l e  at 
an angle of attack of 80 it i s  approximately 0.86. Very l i t t l e  varia- 
t i on  in total-pressure  recovery is  evidenced as the mass-flow r a t i o  
increases from about 0.88 t o  about 1.0, indicating unchoked flow i n  the 
duct. 

Figure 16 shows that the root-mean-sqwe  total-pressure  distortion 
increases with a l t i tude as well as w i t h  angle of attack. A t  em angle of 
attack of 8O and a t  a pressure  altitude of 50,000 feet the dis tor t ion is 
6.4 percent, at 40,000 fee t  it is 5.2 percent, and at 30,000 f ee t  (by 
extrapolating) it i s  near 4.4 percent. The root-mean-sqwe  distortions 
of the total  pressures  for  three  pressure  altitudes  plotted  against mass- 
flow ra t io   ind ica te   l i t t l e   var ia t ion   in   d i s tor t ion  as the  mass-flow r a t i o  
increased from 0.88 t o  1.00. 

Surges Encountered 

Several compressor surges were encountered for each  airplane. 
Table I lists flight-&nd coqressor-face  conditions that occurred Imme- 
diately  prior  to  the  surges. In order t o  summarize the  surge  regions 
and t o  help  analyze  the  surges,  figure 17 presents  pressure  altitude 
plotted  against Mach  number immediately p r io r   t o  surge. NaCA L e w i s  
altitude wind-tunnel tests of a similar engine show that compressor 
surge can occur at low Reynolds  numbers corresponding t o  total   pressures 
less than about 500 pounds per square foot for normal bleeddoor opera- 
t i on  and no distortion. These conditions axe shown by the shaded region 
in  figure 17. 

Reference 1 shows that for  airplane C the compressor-face distor- 
t ions  for eurge data are not  significantly  different in magnitude from 
the distortions  for nonsurge data and therefore concludes that dis tor -  
'tion was not  responsible f o r  the surges  experienced by this afrplane. 
Reference 1 showed, too, i n  a mer similar t o  that used in figure 1.7, 
that good agreement is obtained between wind-tunnel data and Full-scale 
f l ight   2ata  i n  establishfng the surge  region of this pa;rticular  engine. 

As can  be  seen i n  figure 17, two of the three congressor-surge 
points for  airplane A a l s o  occur at t o t a l  preesures less than 300 pounds 
per square foot. However, the surge  point shown at a Mach  number of  
0.m was accompanied  by a root-mean-sqwe  distortion at the compressor 
face which Fs considerably  greater than normal for   this   a i rplane  ( f ig .  13 
and table  I). Although the t o t a l  pressure at the compressor face exceeds 
500 pounds per squeg foot only by 40 pounds per s q w e  foot, it i s  
believed  that  the surge was caused by the  relatively  high  distortion; 
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th i s   d i s tor t ion  was undoubtedly a resul t  of the collibination of high 
angles of attack (21.20) and sideslip (200). whfch w e r e  experienced imme- 
diately  pr ior   to  canqeressor surge. 

Four of the surges for -lane B tha t  ere nei ther   in  nor near  the 
surge boundary occurred at M a c h  nmibers greater than 1.35. Reference 4 
indicates that above t h i s  Mach rider a surge problem existed until the 
lower portion of the leading edge of the boundary-layer sp l i t t e r   p l a t e  
was cambered towmd the fuselage, which prevented  flow  separation on the 
plate  and reduced  boundary-layer  buildup. The airplane of this paper 
did not have the cambered sp l i t t e r   p la te ,  

If sepaxation  occurred on the  plate for these surges, it would be 
expected that circumferential  distortion would occm at the compressor 
face. By compa3.ing the values of the root-mean-square distortions for 
surge  conditions  (table I) w i t h  nonsurge conditions  (fig. l6), it is  
seen that no significant  difference existed between  root-mean-square 
distortion  for  surge and root-mean-sqwe distortion for  nonsurge. 
However, the root-mean-square distortion is a distortion index which 
gives a mean value of the overall  distortion,  without  distinction between 
radial distortion and circwderentfal   distortion. Therefore, it is pos- 
s ible  that, if  f o r  a pmticulxc case the  circumferential  distortion is 
"high, 'I the  root-mean-square d u e  may mask thfs i f  the radial dis tor t ion 
is  "low. 'I As seen i n  table I, the circumferential  distortion  index D 
(taken from ref. 5) gives higher circumferential  distortion va~-ues for  
every  surge that occurred f o r  Mach nunibera greater than 1.35 than for 
the  surges at lower Mach nmibers- and at total   pressures  less than about 
500 pounds per  square  foot. 

For the other poFnt outside  the wind-tunnel  surge  region for 
airplane B the circumferential dis tor t ion is  higher  than  for the points 
in, or near,  the  surge  region.  This Ugh distortion is believed t o  be 
the result of high angle of attack (10.60) of the  airplane  prior to 
surge. 

Measurements of total-pressure  recovery and distortion at  the com- 
pressor face f o r  the t e p t  airplanes having simtlar two-spool turbojet 
engines, brrt with dissimilar inlets, indicate that: The total-pressure 
recovery w a s  re lat ively independent of angle. of attack and mass-flow 
ratio for  both  airplanes;  except  for a significant decrease fn pressure 
recovery  with angle of attack for airplane B at the highest Mach numbers 
tested. The root-mean-square total-pressure  distortion decreased slightly 
with angle of attack and increased  slightly with mass-flow r a t i o  fo r  
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airplane A. For airplane B the  distortion  increased wLth angle of attack 1 

and decreased  slightly  with mass-flow ra t io ,  pezticularly at the  higher 
altitudes.  Altitude  effects on distortion were noted only for airplane B. 

Several compressor surges were encountered for  each  airplane  pri- 
marily i n  the  region of high altitude aq& &.w met t o t a l  pressure, as 
was indicated by wind-tunnel tes ts .  A t  lower altitudes and at higher 
Fnlet t o t a l  pressures, surges were encountered under conditions of 
high  total-pressure  distortion, particularly circumferential  distortion. 

EIigh-Bpeed FLight  Station, 
National Advisory  Connittee  for  Aeronautics, 

Edwards, Calif., February 25, 1958. 
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Figure 2. - Photograph showbg inlet of airplane A. E-2994 



Top view 

Side v l e w  

(b) Geometric duct characterist ics.  

Figure 3. -  Geometric duct cbaracterlstics and longitudinal variation of duct cross-section& 
area for airpLane A. 
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. . .  



L I 

Figure 4. - Photograph o f  - W e  B. E-21C55 
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Duct area 
(one side), 
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x, in. 
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(a) Longitudinal  variation of duct  cross-sectional mea. 

w Top view 

< Side vied 

(b) Geometric  duct  characteristics. 

Figure 6.- Geometric  duct chmacteristics and longitudinal variation of 
duct  cross-sectional  area for atrplane B. 
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Figure 7. - Photograph o f  airplane C. E-1747 
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Figure 8. - Photograph showfng right Inlet of airplane c . E-2760 - 
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Duct area 

Duct stution, in .  
." 

(a) Longitudinal  variation of duct  cross-sectional  area. 

Top v lew 

Side view 

(b) Geometric  duct  characteristics. 

Figure 9. - Geometric  duct  characteristics ad longitudinal  variation of 
duct  cross-sectional area for  airplane C. 
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Accessory fairing 

_1 

"t 
Flush s t a t i c  

(a) Rake  arrangement of 
coqressor face 
looking aft. 

T 1 
c 

.ir guide 
" 

(a) Details of rakes. 

- 
Figure 10.- Canpressor-face inatrumentation for arrplmes A and B. 
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. 
(a) M = 0.80; kp = 22,000 feet. 

L 

Figure U.- Total-pressure-recovery contours at the campressor face with 
angle of attack for  airplane A. 
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(b) M = 1.0; hp = 40,000 feet. 

Figure U.- Continued. 
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CY - 3.9" 
m/% 6 0.86 

(c) M CJ 1.4; hp = 33,500 feet. 

Figure U.- Concluded. 
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(a) M x 0.80; hp 22,000 feet. 

Figure 12.- Circumferential and radial total-pressure-recovery  profiles 
for  different angles of attack for airplane A. 
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(b) M 1.0; kp = 40,000 feet. 

Figure 12. - Continued. 
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Figure 12.- Concluded. . 
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Bigme 13. -  Average eatal-pressure recovery and root-mean-square  total-pressure  distortion xith 
angle o f  attack and ma6a-flow ratio far airplane A. 
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Figure 14.- Total-pressure-recovery  contours at the compressor face w i t h  
angle of attack  for airplane B. 
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(b) M "1.05; % = 42,000 feet. 

Figure 14.- Continued: 
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m/ = 0.78 
a = 0 . 7 O  
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Figure 15.- Cfrcumferenti8,l and radial  total-pressure-recovery 
nrofiles f o r  different  anales of attack fo r  airrrlane B. 
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(b) M FJ 1-03; hp FJ 42,000 feet. 

Figure 15.- Continued. 
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Figure 15. - Concluded. 
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Figure 16.- Average total-pressure recovery and root-mean-square total-pressure di~tcn-tion v l th  
angle of attack and mass-flaw ratlo for  airphne B. 
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Figure 17. - Pressure a l t i tude  and Mach number at incidence of surge for 
airplanes A, B, and C. 
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